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[i] Grass crop species, rice and sorghum, that are widely grown in the southeastern Texas 
region were analyzed for release of biogenic volatile organic compounds (VOCs) in 
simulated leaf-drying/senescence experiments. VOC release was measured by both online 
proton transfer reaction mass spectrometry (PTR-MS) and proton transfer ion trap mass 
spectrometry (PIT-MS) methods, and it was demonstrated that these two grass crops 
release a large variety of oxygenated VOCs upon drying under laboratory conditions 
primarily from leaves and not from stems. VOC release from paddy rice varieties was 
much greater than from sorghum, and major VOCs identified by gas chromatography 
PTR-MS included methanol, acetaldehyde, acetone, w-pentanal, methyl propanal, hexenol, 
hexanal, c«-3-hexenal, and /ra/?.v-2-hexenal. The latter four VOCs, all C6 compounds 
known to be formed in wounded leaves, were the major volátiles released from drying rice 
leaves; smaller but substantial amounts of acetaldehyde were observed in all drying 
experiments. Online detection o f VOCs using PIT-MS gave results comparable to those 
obtained with PTR-MS, and use of PIT-MS with collision-induced dissociation of 
trapped ions allowed unambiguous determination of the ratios o f cis- and iram-hexenals 
during different phases of drying. As rice is one of the largest harvested crops on a 
global scale, it is conceivable that during rice senescence releases of biogenic VOCs, 
especially the reactive C6 wound VOCs, may contribute to an imbalance in regional 
atmospheric oxidant formation during peak summer/fall ozone formation periods. A 
county-by-county estimate of the integrated emissions o f reactive biogenic VOCs from 
sorghum and rice production in Texas suggests that these releases are orders of 
magnitude lower than anthropogenic VOCs in urban areas but also that VOC emissions 
from rice in southeastern coastal Texas may need to be included in regional air quality 
assessments during periods of extensive harvesting.
Citation: Karl, T., F. Harren, C. Wameke, J. de Gouw, C. Grayless, and R. Fall (2005), Senescing grass crops as regional sources of 
reactive volatile organic compounds, J. Geophys. Res., 110, D15302, doi:10.1029/2005JD005777.
1. Introduction
[2] Volatile organic compounds (VOCs) have a large 
influence on the levels of oxidants such as ozone (0 3) in 
urban areas, and this chemistry was a driving force behind a 
recent study of air quality in the Houston, Texas area 
[Kleinman et a l, 2002; Brock et a l, 2003; Karl et al., 
2003; Roberts et al., 2003; Ryerson et a l, 2003; Wert et al., 
2003]. In addition, there is now clear evidence that oxidant 
chemistry in urban areas can be strongly influenced by
'A tm ospheric Chemistry Division, National Center for Atmospheric 
Research, Boulder, Colorado, USA.
d e p a r tm e n t o f M olecular and Laser Physics, University o f Nijmegen, 
Nijmegen, Netherlands.
3Also at Cooperative Institute for Research in Environmental Sciences 
(CIRES), University o f  Colorado, Boulder, Colorado, USA.
4Aeronomy Laboratory, NOAA, Boulder, Colorado, USA.
5Dcpartment o f  Chemistry and Biochemistry, University o f  Colorado, 
Boulder, Colorado, USA.
Copyright 2005 by the American Geophysical Union.
0148-0227/05/2005JD005777S09.00
biogenic VOCs; this has been demonstrated in the south­
eastern United States in cases where isoprene emissions 
from forests impact regional urban centers (reviewed by 
Trainer et al. [2000]). We have been interested in releases of 
reactive, biogenic VOCs from regional vegetation in the 
Houston/southeastern Texas area. If such VOC releases 
occur in substantial amounts, they could contribute to the 
complex air chemistry of this region of Texas. Although 
biogenic isoprene was not a major air component during the 
summer of 2000 near the Houston ship channel [Karl et a l, 
2003], there were substantial levels of oxygenates such as 
acetaldehyde, a VOC that has both primary and secondary 
sources [Shepson et a l, 1991] and is also known to be 
released from a variety of vegetation types (reviewed by 
Fall [2003]). The consideration of biogenic impacts on air 
quality led us to examine the possible release of acetalde­
hyde and other biogenic VOCs from major crop species that 
might contribute to oxidant chemistry in southeastern Texas 
during the crop-growing season.
[3] Several recent laboratory and field experiments have 
pointed out that the VOC emissions by crop species are
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strongly enhanced when the plants are physically damaged 
[de Gouw et a l, 1999, 2000; Karl et a l,  2002; Warneke et 
al., 2002; Heiden et a l, 2003; Olofsson et al., 2003], 
Emission rates of C6 wound VOCs from cut leaves were 
found to be much higher immediately following the cutting, 
and their temporal variation could be explained by the 
biochemistry of their formation [Fall et al., 1999], A 
longer-lasting pulse of VOCs is observed during the drying 
of cutoff leaves, and when integrated over time, the drying 
leaves typically account for much higher emissions than the 
cut leaves [de Gouw et a l, 1999]. The C6 wound com­
pounds, which are quite reactive in the atmosphere 
[Atkinson and Arey, 1998], can also be emitted as a result 
of other plant stresses such as exposure to ozone [Heiden et 
al., 2003]. Other VOCs that were observed in these experi­
ments include many oxygenated VOCs, the most reactive of 
which was acetaldehyde. The main atmospheric implica­
tions of this previous work are (1) that while the release of 
the reactive C6 wound compounds and acetaldehyde may 
locally impact the chemistry of the rural troposphere during 
the harvest but (2) that the integrated VOC emissions 
resulting from the production of hay are of minor impor­
tance on a global scale. The potential impacts of these VOC 
sources on regional air quality in nearby urban areas have 
not been intensively investigated.
[4] Anthropogenic and biogenic acetaldehyde is of spe­
cial interest in regional air quality, as it can be converted to 
acetylperoxy (CH3C(0 )0 2 ) radicals by atmospheric oxida­
tion and lead to the formation of peroxyacetic nitric anhy­
dride (PAN), which can act as a temporary reservoir for 
nitrogen oxides (NO*) [Roberts et al., 2002], While acetal­
dehyde was one of the major VOCs detected near the 
Houston ship channel during the Texas Air Quality Study 
2000 [Karl et a l, 2003], it is not certain what fraction were 
from direct biogenic emissions. On a region-wide basis, 
there are large agricultural areas for growing crops such as 
rice (Oryza sativa) and sorghum (Sorghum sp.), both of 
which are potential acetaldehyde sources on the basis of 
previous experiments with drying grasses [de Gouw et a l, 
1999; Karl et a l, 2001a, 2001b]. Texas is the second largest 
producer of sorghum in the United States, with an 
approximate harvest of 3.15 million acres annually (http:// 
aggiehorticulture.tamu.edu/extension/cropbriefs/sorghum. 
html); similarly, there is extensive rice production in the 
southeastern coastal area of Texas, geographically near the 
Houston area. Here we tested whether these grass crop 
species are significant sources of biogenic VOCs that can 
influence air chemistry in the Houston-Galveston area. 
Toward this aim we screened several sorghum and rice 
species for their VOC emission rates and integrated emis­
sions during the drying because (1) the drying of crops has 
previously been shown to account for the highest emissions, 
(2) in reality, a crop like sorghum is left to dry in the field 
after being harvested, and (3) these drying experiments 
might indicate the potential formation of VOCs during the 
natural drying that accompanies leaf senescence in crops 
like rice.
[5] VOC analysis was performed using two online meth­
ods: proton transfer reaction mass spectrometry (PTR-MS) 
and a newly developed proton transfer ion trap mass 
spectrometry (PIT-MS) method. In both PTR-MS and PIT- 
MS, VOCs are ionized using proton transfer reactions with
H30 + ions. In PTR-MS the reagent and product ions are 
measured with a quadrupole mass spectrometer, which 
allows the mass of the ions to be determined. In PIT-MS 
the ions are analyzed by an ion trap mass spectrometer, 
which allows not only their mass to be determined but also 
their chemical identity, using collision-induced dissociation 
(CID) or secondary reaction measurements [Prazeller et a l, 
2003; Warneke et al., 2004]. In the experiments presented 
here this will prove to be a significant advantage as many of 
the C6 wound compounds are detected at the same masses 
in PTR-MS [Fall et a l, 1999],
2. Experiment
2.1. Plant Materials
[6] Seed for rice varieties Oryza sativa Mahsuri and 
IR36, both widely used for growth in paddies, was obtained 
from the National Small Grains Collection (Aberdeen, 
Idaho). The sorghum variety, Sorghum sudanense “Rapid 
Rabbit,” was from Arkansas Valley Seed Company 
(Denver, Colorado). For initial screening of forage grasses 
and other rice varieties, seed was obtained from various 
commercial or seed repositoiy sources, and these plants are 
indicated in the text. All plants were grown in Fafard mix 2 
potting soil in a research greenhouse on the University of 
Colorado’s Boulder campus. The plants were exposed to 
direct sunlight and also supplemented with high-pressure 
sodium lamps for a day length of 16 hours; sorghum was 
watered daily, while paddy rice varieties were grown with 
the pots in a flat reservoir of water (about 2 cm deep). Plants 
were fertilized with a Miracle-Gro Nutriblend solution two 
times weekly until they reached the seed stage (about 4 -
5 months). Rice plants were also supplemented with a 2.5% 
(weight/volume) FeS04 •  7H20  solution foliar spray once a 
week.
2.2. Experimental Drying
[7] In the initial experiments using PTR-MS for analysis, 
plant leaf samples were placed in two Teflon (polytetra- 
fluoroethylene (PTFE)) containers (Savilex, volume V = 
40 mL), which were flushed continuously by a dry zero air 
at a flow rate of 600 mL min Using two Teflon contain­
ers helped to speed up the initial screening. The flow rate 
resulted in a turnover time of 4 s, fast enough to capture 
time-dependent emissions during the drying phase. Losses 
through the perfluoroalkoxy (PFA) Teflon parts used in this 
study (containers, tubing, and fittings) were tested by 
flowing a standard mixture of methanol, acetone, acetalde­
hyde, and w-hexanal through the system. No significant 
difference was observed when bypassing this mixture di­
rectly into the PTR-MS instrument. The response time 
(—0.1 s) and losses of the PTR-MS system have been 
characterized in detail in previous studies [see Karl et a l, 
2002] and are small for compounds investigated in this 
work. In these initial experiments the two containers were 
placed in a temperature-controlled oven held at 30°-55°C; 
35°C was used for subsequent experiments. Typical drying 
times were of the order of 4 -1 2  hours. The experiments 
using PIT-MS analysis were performed with only one PTFE 
container in the dark, held at a constant temperature 
bath of 30°C. The flow rate through the container was 
300 mL min-1, and experiments typically lasted 7 -9  hours.
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In each type of experiment the measured VOC emission 
rates were also integrated over the drying time to yield an 
integrated VOC emission.
[s] In each case, freshly cut stems were transported to 
the laboratory with the cut ends in water. Although the 
age of the cut stems varied, generally, stems bearing seed 
were used so as to mimic the developmental age of these 
grasses when they would normally be cut/harvested. In 
various experiments, leaf segments, stem segments, or 
complete stems with leaves and seeds were placed in the 
drying device. Following the drying and VOC measure­
ments, the dry weight of the biomass was determined. We 
performed a set of experiments simultaneously under dark 
versus bright light conditions. The bright light laboratory 
illumination consisted of a light source to mimic full 
sunlight (2000 (imol photons m s'). Comparison between 
these experiments showed no statistically significant dif­
ference in the integrated emissions within the observed 
variability of all the experiments. We conclude that the 
experiments under laboratory illumination conditions are 
representative of VOCs released during drying of vege­
tation; however, note that subsequent field measurements 
with natural sunlight will be needed to verify this 
conclusion.
2.3. PTR-MS and Gas Chromatography PTR-MS
[9] Descriptions of the technical details and typical 
operational conditions for PTR-MS have been recently 
published elsewhere [Lindinger et a l, 1998; de Gouw et 
a l, 2003; Warneke et a l, 2003]; therefore only the salient 
aspects of its operation will be described here. The PTR-MS 
instrument was operated at 2 mbar drift tube pressure with 
electric field/number density of neutrals kept at values of 
120 Townsend. This is a good compromise between avoid­
ing, on the one hand, formation of too much H3O ’ •  H20  
and higher clusters H30 + •  (M20)„, the reaction of which 
with neutrals would obscure the data because of switching 
reactions, and, on the other hand, the breakup of product 
ions due to collisions with neutrals in the drift section; the 
latter fragmentation would significantly complicate the 
identification of VOCs.
[10] As PTR-MS methods give only mass-to-charge ratio 
(m/z) data for VOCs, it is not always possible to unambig­
uously identify released VOCs; thus we used a newly 
developed gas chromatography proton transfer reaction 
mass spectrometry (GC-PTR-MS) method (described by 
Fall et al. [2001], de Gouw et al. [2003], and Warneke et 
al. [2003]). Briefly, the effluent gas stream from the cuvette 
was trapped on Tenax for 10 min at — 10°C and subse­
quently desorbed by heating the trap up to 200°C. The 
compounds of interest were injected onto the head of a 50 m 
HP-624 column and analyzed on a Shimadzu GC instru­
ment [Greenberg et a l, 1994] using a PTR-MS instrument 
as detector. The GC temperature was held at 0°C for 2 min 
after injection and subsequently ramped up to 200°C at 
10°C min-1 . Identification of volatiles was based on a 
combination of retention times and VOC fragmentation 
data in the PTR-MS instrument.
2.4. PIT-MS
[11] The PIT-MS instrument consists o f four parts, 
namely (1) an all-Teflon gas inlet and handling system,
(2) an ion source for the production of H30 +, (3) a drift tube 
reaction chamber, and (4) the detection system with the ion 
trap mass spectrometer and a secondary electron multiplier 
(SEM). The first three parts are similar to the PTR-MS 
instrument described in section 2.3. Here we focus on the 
different detection system as compared to the standard PTR- 
MS instrument. The extended analytical capabilities of the 
ion trap help resolve VOCs that are normally indistinguish­
able in PTR-MS. The advantages of an ion trap over a 
quadrupole used in PTR-MS have recently been demon­
strated by Prazeller et a l [2003] and Warneke et a l [2004]. 
The advantages are as follows.
[12] 1. An ion trap can analyze a range of masses of 
several hundred amu almost simultaneously, whereas the 
quadrupole mass filter transmits only ions of one mass at a 
time. A mass spectrum of ions stored in the ion trap is 
generated in about 20 ms, which is much shorter than the 
ion collection time; thus the collection efficiency of the ion 
trap is significantly improved compared to the quadrupole.
[13] 2. An ion trap has more analytical capabilities: CID 
and reactions can be performed in the ion trap.
[14] The ion trap used in the PIT-MS instrument is 
homebuilt and was originally described in detail by Lovejoy 
and Wilson [1998]. Recent minor modifications are de­
scribed by Curtius et al. [2001], The ion trap, consisting 
of a ring electrode and two end caps, has an internal radius 
of 1 cm and a stretched end cap geometry. The ion 
trap pressure during all measurements was kept at 1 x 
10 3 mbar by adding ultrapure He to dampen the ion 
motion in the ion trap. Ions injected from the drift tube into 
the ion trap are trapped by means of an RF field applied to 
the ring electrode. The typical trapping time used in the 
experiment described here was 1 s. The ion trap is operated 
in the mass selective instability mode [Stafford et a l, 1984]. 
To generate a mass scan, the amplitude of the RF field is 
increased, which increases the amplitude of the trajectories 
of the trapped ions until they exit the ion trap through an 
orifice in the end caps. The increase in amplitude depends 
on the mass of the ions in the trap, so that lighter ions exit 
the ion trap earlier. In this way a mass scan is generated 
typically in 20 ms. Ions ejected from the ion trap are 
accelerated onto a SEM, which is located in a differentially 
pumped chamber at a pressure of 1 x 10 6 mbar.
[15] In addition, a filtered noise field (FNF) [Chen et a l, 
1987] can be applied to the ion trap end caps. With this 
filtered noise field, ions of a specific mass can be isolated in 
the ion trap. The kinetic energy of these isolated ions can be 
further increased to force CID, and product ions can be 
measured. In this way a CID pattern for a specific mass can 
be generated. In some cases, different compounds with the 
same mass yield different CID patterns, which can help to 
determine the contribution of each compound to this mass 
[Prazeller et a l, 2003; Wameke et a l, 2004],
[16] The quantification of VOCs using the PTR-MS and 
PIT-MS instruments was based on gravimetrically prepared 
calibration standards of methanol, acetone, acetaldehyde, 
benzene, toluene, isoprene, pentanal, and hexanal at high 
concentration (1 -5  ppm), which were based on a National 
Institute of Standards and Technology (NIST) referenced 
hydrocarbon standard [Apel et a l, 1994]. The estimated 
uncertainty is of the order of ~20%. For compounds 
(hexenals and hexenols) not included in the primary stan­
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Figure 1. The temperature dependence of the integrated 
emissions of volatile organic compounds (VOCs) 
from drying sorghum stems plus leaves (S. sudanense), 
measured by the proton transfer reaction mass spectrometry 
(PTR-MS) method. Acetone and propanal were assumed to 
be the main VOCs measured at M59, as in Table 2.
dard we used pure (99.99%) standards purchased from 
Sigma Aldrich. One additional high-concentration standard 
(~5 ppm) containing methanol, acetaldehyde, acetonitrile, 
acetone, and toluene was purchased from Scott-Specialty 
Gases, Inc.
3. Results and Discussion
3.1. Initial Screening
[17] We initially screened a variety of forage grasses 
grown in the eastern Texas area, as well as a variety of 
dry land and paddy rice varieties. The species included
barnyard grass (Echinochloa cruz-galli), paddy rice (Oryza 
sativa M202), upland rice (Oryza sativa CM-101), Indian 
grass (Sorghastrum nutans), annual ryegrass (Lolium 
multiflorum), perennial ryegrass (Lolium perenne), tall 
fescue (Festuca arundinacea), sorghum (Sorghum  
halepense and S. sudanense), and millet (Pennisetum glau- 
cum). In each case, vegetative samples (leaf plus stem) were 
dried, and the VOCs released were analyzed by the PTR- 
MS method. These initial results indicated significant var­
iability in VOC emission rates and integrated emissions, but 
all of the grasses sampled released the following major 
VOCs (where mass (M) = mass-to-charge ratio (m/z) of 
positively charged ions and tentative identification was 
made as discussed by de Gouw et al. [2003]: M33 (meth­
anol), M45 (acetaldehyde), M59 (acetone/propanal), M69 
(pentanal/pentenol), M83 (hexenol/hexanal), and M99 
(hexenals)). The quadrupole mass spectrometers used here 
only determine the m/z of ions. Since only singly charged 
positive ions play a role in PTR-MS and PIT-MS, we simply 
refer to ions by their mass in this paper. The overall range of 
integrated emissions from the initial screening showed 
substantial variability and was bound between 2 and 44,
6 and 24, 0.4 and 4, 0.2 and 42, 0.5 and 53, and 7 and 
545 |xg g dry weight (DW) 1 for methanol, acetaldehyde, 
acetone, pentanal/pentenol, hexanal/hexenol, and hexenals,
me'hancS #  ace'aktehy<te - A  acetone/propanai 
C.caibonySs hexanai « ïigseroi 4- I  hexenals
temperatura (C)
respectively. Although not replicated in detail in these 
screening experiments, it was noted that especially high 
levels of C6 wound compounds (M83 and M99) were 
released from both rice varieties.
[is] We then focused on two grass species common in 
southeastern Texas, rice and sorghum. To determine the 
effect of the drying temperature on VOC release, samples of 
sorghum stems with leaves were analyzed, as shown in 
Figure 1. As the drying temperature was increased from 30° 
to 55°C, the release of the major VOCs, methanol (M33) 
and acetaldehyde (M45), increased proportionately. Similar 
results were obtained with the less abundant VOCs, includ­
ing C4 carbonyls (e.g., 74% methyl propanal and 26% 
butanone for rice) and C6 leaf wound compounds (M83 
and M99). The release of acetone/propanal (M59) was more 
variable. The temperature-dependent integrated emissions 
(E) were fitted to the following equation for the tempera­
ture-dependent release of biogenic VOCs:
E  =  £ 3 0  exp1^ 7'-30-1. (1)
where £ \0 is the integrated emission at 30°C, |3 is an 
empirical fit parameter, and T is the drying temperature (in 
°C). The results are summarized in Table 1. The data show 
that in general, integrated VOC emissions increase 
exponentially with temperature, except for acetone; the 
variability of acetone emissions was too high to reliably 
deduce a temperature trend. These temperature responses 
suggest chemical or enzymatic origins for these compounds, 
rather than emissions from preexisting pools. It is known, 
for example, that the C6 leaf wound compounds arise as a 
result of enzymatic reactions of unsaturated fatty acids in 
leaf tissue immediately following leaf damage [.Fall et al., 
1999]. Similar results were obtained with a different 
sorghum (Sorghum halepense) and rice (data not shown); 
again, much higher integrated emissions of C6 VOCs were 
observed in rice.
[19] In subsequent drying experiments we used a 30°C 
drying temperature with the idea that this moderate temper­
ature might be more realistic in terms of natural drying 
temperatures in a field setting. It is important to point out 
that this artificial laboratory drying regime might mimic 
natural drying of cut sorghum, which is used as a forage 
crop, but clearly does not mimic the slow senescence of rice 
that is grown in paddies. The latter will need to be studied in 
a field setting over a prolonged period of many weeks as 
rice sets seed and the leaves begin to turn brown.
3.2. GC-PTR-MS Identification of Released VOCs
[20] We focused our attention on speciation of the VOCs 
that were released from rice because this crop plant is 
intensively grown in the region southeast of the Houston 
urban area and because the integrated VOC emissions 
during drying were much higher than for sorghum. For 
the paddy rice variety (M202) the positive ions of interest 
are summarized in Table 2 along with identification by GC- 
PTR-MS. Methanol, acetaldehyde, and acetone mainly 
contributed to M33, M45, and M59. Minor interference 
from 2,3-butanedione and propanal was observed at M59. 
Mainly «-pentanal (76%) and pentenols (23%) contributed 
to M69, and only 1% was due to isoprene, confirming 
results from previous experiments that showed oxygenated
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Table 1. Temperature-Dependent Integrated Emissions o f Volatile Organic Compounds From Drying Stems 
and Leaves o f  Sorghum3
S. sudanense
M33 M45 M69 M83 M 99
E}0, [ig g DW 1 6.6 ± 1.8 8.4 ± 1.8 0.8 ±  0.35 0.8 ±  0.2 0.9 ± 0 .3
3, °C ^ ‘ 0.12 ± 0 .0 1 0.10 ± 0.01 0.06 ±  0.02 0.05 ±  0.2 0.08 ±  0.02
3.3 2.7 1.8 1.6 2.2
“The regression fits were obtained from six independent measurements. DW  is dry weight.
C5 VOCs can arise from wounded leaves [Fall et a l, 2001]. 
M83 was related to hexanal and hexenol in almost equal 
amounts; both of these compounds are known leaf wound 
compounds [Fall, 1999]. Similarly, the leaf wound alde­
hydes c«-3-hexenal and /r<ms-2-hexenal contributed in 
equal amounts to the sum of M57, M81, and M99. These 
results, combined with the data described in section 3.1, 
confirm leaf wound C6 compounds as the major VOCs 
released from drying rice under these laboratory conditions.
3.3. Rice and Sorghum VOCs Analyzed by PIT-MS
[21] With the availability of a newly constructed PIT-MS 
instrument we were able to repeat the drying experiments on 
rice and sorghum, using the ion trap as the detector. We 
were then able to perform selected CID experiments in the 
ion trap to attempt to distinguish the major C6 wound 
compounds released from these plants.
[22] Initially, we repeated the drying experiments using 
rice leaves, shoots with leaves and seed, or stems (in each 
case a paddy rice variety, Mashuri, and a drying temperature 
of 30°C were used). As shown in Figure 2a, drying of rice 
leaves in the first 1 -2  hours led to the initial appearance of 
M45 with a slightly delayed appearance of M47. We 
attribute these VOCs to acetaldehyde (M45) and ethanol 
(M47), volatiles known to be released from leaves under 
conditions when leaves become anoxic [Kimmerer and 
MacDonald, 1987] or when they are metabolizing ethanol 
transported from anoxic roots [Kreuzwieser et al., 2001]. 
Here it seems likely that the excised leaves placed in the 
drying container rapidly developed a fermentation metabo­
lism, even though it was purged with zero air at a ventilation 
rate of 8 s (no photosynthesis occurred as these experiments 
were performed in the dark). After about 1 hour of drying, 
many other volatiles began to be emitted (Figure 2a). 
Especially large and prolonged emissions of M81, M83,
and M99 were noted, consistent with the formation of C6 
wound VOCs detected by PTR-MS (as described in sections 
3.1 and 3.2 and discussed further in sections 3.4 and 3.5). 
Several other VOC masses were also evident. These emis­
sions subsided at about 7 hours in this experiment, a point 
where the leaves had essentially dried out. Similar results 
were obtained in a replicate experiment.
[23] Figure 2b shows an experiment with a drying rice 
shoot which contained stem, leaf, and seed material. Unlike 
the excised leaves, there was no initial release of acetalde­
hyde and ethanol. Instead, after about 2 hours, a substantial 
release of a variety of VOCs began and continued until the 
material was dry. As with excised rice leaves, the major 
VOC release appeared to be associated with the formation 
of C6 leaf wound compounds.
[24] Similar experiments were conducted with rice stems 
(no leaves). These samples released very small amounts of 
VOCs, and this line of research was not continued. This 
implies that the majority of the VOCs detected during the 
drying of stems arose from the green leaf tissue; at least this 
is consistent with the origin of leaf wound C6 compounds 
[Fall, 1999],
3.4. CID Spectra During the Drying of Rice Leaves
[25] The use of PTR-MS technology to monitor biogenic 
VOCs does not always give unambiguous identification of 
different masses [de Gouw et al., 2003]. Here we have 
tested the capability of a recently developed PIT-MS instru­
ment to analyze the major VOC signal from drying rice 
(mass 99). In Figure 3a the ion signal on M99 measured 
with the PIT-MS instrument from a typical drying experi­
ment is shown. At the beginning of the experiment a peak in 
emissions due to the cutting was detected, and longer and 
more intense emissions were seen during the drying later on 
[de Gouw et al., 1999], To further confirm that M99 is
Table 2. Volatile Organic Compounds Released From Drying Rice (O. sativa M202) and Identified by Gas 
Chromatography Proton Transfer Reaction Mass Spectrometry
M3 3 M45 M59 M 69 M73 M83 M 99+M 81+M 57
Methanol 100%
Acetaldehyde 95%
Acetone 83%
2,3-butanedione 7%
Propanal 10%
n-pentanal 76%
Pentcnol 23%
Isoprene 1%
Methyl propanal 74%
Butanone 26%
Hexenol 54%
Hexanal 46%
0'.v-(3)-hexcnal 51%
7>a«i-(2)-hexenal 49%
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Figure 2. Patterns of VOC release from (a and b) drying rice leaves or (c and d) total shoots measured 
by the proton transfer ion trap mass spectrometry (PIT-MS) method. In each case the top plots (Figures 2a 
and 2c) show typical mass scans at / = 4 hours, and the bottom plots (Figures 2b and 2d) show the 
patterns of changing VOC emission rates for the entire period of the experiments. O. sativa Mashuri 
plants were used in each case and replicated in separate experiments. See color version of this figure at 
back of this issue.
mainly a mixture of œ-3-hexenal and inmv-2-hexenal and 
also to investigate the relative contribution of both com­
pounds to the signal at M99, CID measurements of ions at 
mass 99 amu were performed about every 20 min through­
out this measurement. CID was accomplished by first 
isolating ions with mass 99 in the ion trap and then 
increasing the kinetic energy of the isolated ions using a 
FNF to induce fragmentation. In subsequent mass spectra
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Figure 3. Use of the collision-induced dissociation (CID) capability of PIT-MS to resolve the identity of 
ions with mass 99 during the drying of rice leaves (Mashuri variety; wet weight 2.1 g, dry weight 0.8 g). 
(a) Time series of mass 99 ions during a typical dtying experiment of rice leaves, (b) Fragmentation 
patterns of ions with mass 99, isolated in the ion trap, during the cutting phase, (c) Fragmentation patterns 
of mass 99 during the drying phase, (d) Fragmentation pattern of mass 99 from c/.y-3-hexenal. 
(e) Fragmentation pattern of mass 99 from trans-2-hexenal. (f) Time series of the relative abundance of 
primary ions (mass 99) and product ions (mass 81 and mass 57) at a CID amplitude of 0.18 V.
the kinetic energy is increased stepwise to produce a full 
fragmentation pattern of ions with mass 99. In Figures 3b 
and 3c the first and last of the CID measurements are 
shown; the CID FNF amplitude that determines the kinetic 
energy of the ions is shown on the top axis, and the 
measurement time is shown on the bottom axis. By increas­
ing the FNF amplitude the relative signal on M99 decreased 
and the product ion signals (M81 and M57) increased. In 
Figures 3d and 3e the fragmentation patterns of pure cis-3- 
hexenal and /ra«s-2-hexenal are shown, which were deter­
mined in a separate experiment. It can be seen that the major
product ion of c/.s-3-hexcnal is M81, whereas for trans-2- 
hexenal both M57 and M81 are produced. The fragmenta­
tion pattern of the ions with M99 from Figure 3b looks very 
similar to that of c/.v-3-hcxenal during the cutting and, later, 
during the drying, seems to be a mixture of cw-3-hexenal 
and /r<m?-2-hexenal.
[26] In Figure 3f the time series of the CID measurements 
at a CID FNF amplitude o f 0.18V is shown. At the 
beginning of the measurement, during the cutting, the main 
product ion was M81, whereas later, during the drying, M57 
became more abundant. This shows that the composition of
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the ions detected at M99 changed from the cutting to the 
drying phase.
[27] In conclusion, this confirms that M99 from the 
drying of rice is indeed a mixture of c/.v-3-hexenal and 
trans-2-hexenal, and it also shows that the composition of 
M99 changes from the cutting to the drying phase. This 
change is in accordance to the mechanism of the release of 
C6 wound compounds (reviewed by Fall et al. [1999]).
3.5. VOC Emissions Measured by PTR-MS and 
PIT-MS
[28] A detailed comparison between Sorghum sudanense 
and various rice varieties obtained from multiple replicates 
generally showed good agreement between the PTR-MS 
and PIT-MS measurements. The first batch (six samples) of 
Sorghum sudanense measured by PTR-MS at 30°C drying 
temperature gave the integrated emissions summarized in 
Table 3. Within the variability (defined as one standard 
deviation) these values are comparable to the PIT-MS 
measurements, which are also summarized in Table 3. The 
PTR-MS measurements of integrated methanol emissions 
were systematically higher, which we attribute to the fact 
that younger leaves were sampled. The average water 
content of the individual samples was 77 ± 3% for the 
PTR-MS data and 57 ± 11% for the PIT-MS data. This also 
suggests that the PTR-MS experiments were performed 
with younger leaves.
[29] The comparison for rice varieties showed similarly 
good agreement, except for VOCs at M69 (Table 3). As 
shown by GC-PTR-MS analysis (Table 2) these VOCs are 
primarily a mixture of «-pentanal and pentenol, VOCs 
previously described as occurring in freeze-damaged leaves 
[Fall et a l, 2001] but of uncertain origin here. It is notable 
that both methods of analysis of rice volatiles demonstrated 
that C6 wound VOCs were the dominant species and were 
emitted about two orders of magnitude higher for rice than 
for sorghum. It is also noteworthy that emission rates of 
reactive compounds related to wounding (hexenals) were 
extremely high for numerous rice varieties, which was also 
determined from the initial screening of several common 
grass species listed in section 3.1.
3.6. How Important Are These VOC Emissions?
[30] To date, only a few field measurements of fluxes of 
biogenic VOC emissions resulting from crop harvesting 
have been reported, and these studies have concluded that 
harvesting of hay crops, such as bluegrass or alfalfa, 
contributes a very small fraction of the total global flux of 
biogenic compounds [Karl et a l, 2001b; Warneke et a l, 
2002], However, there is continuing interest in the idea that 
certain crops could release a significant amount of reactive 
VOCs on a regional scale. In order to estimate the magni­
tude of these emissions due to agricultural activity we use 
harvesting data for the year 2001 for the state of Texas, 
where detailed land use data are available [National 
Agricultural Statistics Service, 2004; U.S. Geological Sur­
vey, http://edcwww.cr.usgs.gov/doc/edehome/ndcdb/; U.S. 
Environmental Protection Agency (USEPA), http://www. 
epa.gov/oar/; Texas Parks and Wildlife Department, http:// 
www.tpwd.state.tx.us/], compiled by Wiedinmyer [1999] 
and Wiedinmyer et al. 2001]. In addition, this region is 
characterized by regular exceedances of ozone, and there is
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current interest in developing strategies to bring this area 
into compliance with the National Ambient Air Quality 
Standard. The total area harvested in Texas in 2001 was 
3.6 x 109 m2 for rice and 9.2 x 1010 m2 for sorghum. The 
total amount harvested was reported to be 1.3 x 105 tons for 
rice and 3.5 x 106 tons for sorghum. The resulting average 
yield of 0.69 kg m2 for rice and 0.05 kg m2 for sorghum was 
used to estimate the magnitude of the measured integrated 
emissions obtained from our laboratory experiments. We 
assumed that the total amount was harvested between May 
and September and apportioned this amount equally into 
each month. The integrated emissions were adjusted for 
temperature, using monthly mean upper and lower limits for 
surface temperature obtained from the National Centers 
for Environmental Prediction/National Center for Atmo­
spheric Research (NCEP/NCAR) reanalysis data for Texas 
(http://dss.ucar.edu/pub/reanalysis/, http://www.cdc.noaa. 
gov) [Kalnay et a l, 1996], On the basis of these assump­
tions we estimate that for Texas the total annual oxygenated 
VOC emissions (methanol, acetaldehyde, acetone, pentanal/ 
pentenol, hexanal/hexenol, and hexenals) from sorghum and 
rice would be of the order of 4.9 x 107 (range of 1.1 -6 .8  x 
107) g yr 1 for the year 2001, which is small compared to 
the industrial VOC emissions and total on-road emissions 
for the state of Texas, which were reported to be of the order 
of 2.1 x 1011 and 4 x 10n g yr-  , respectively (USEPA, 
http://www.epa.gov/triexplorer/facility.htm). It should be 
noted that this estimate assumes that the laboratory drying 
of sorghum and rice with associated VOC emissions sim­
ulates the VOC releases that might occur during natural 
drying and senescence of these crop species in the field 
under natural sunlight; this relationship needs to be inves­
tigated with field measurements. Assuming that VOC 
emissions from rice occur over a relatively short period 
during leaf senescence and harvesting (perhaps a 2 month 
period per year in total) and during peak ozone-forming 
periods of the late summer and early fall, it is possible that 
VOCs resulting from rice production, especially the abun­
dant, reactive C6 species detected here, might impact local 
air quality in Texas rice-growing areas. Because of their 
reactivity with ozone these compounds could also affect 
ozone loss in the surface layer directly during periods of 
intense harvesting and mimic a higher ozone dry deposition; 
this has been observed in other ecosystems, for example, 
during and after forest thinning on a California pine 
plantation [Goldstein et a l, 2004].
[31] In addition to emissions from harvesting, rice fields 
could potentially also release significant amounts of reactive 
acetaldehyde from the oxidation of ethanol that occurs in 
the tissues of these wetland plants [Tsuji et al., 2003] and 
thus have an additional impact on regional VOC reactivity. 
Such considerations argue for field investigations of the 
fluxes of reactive VOCs from intensive rice-growing areas 
that can subsequently be used in conjunction with a land 
surface model to estimate regional emissions from drying 
grasslands in more detail.
4. Conclusions
[32] From these laboratory experiments we conclude that 
grass crop species that are widely grown in Texas have the 
potential to emit a large suite of biogenic VOCs during
drying or senescence. In these simulated crop-diying experi­
ments the major VOC release was from leaf wound com­
pounds, such as hexenals. For reasons that are not clear the 
drying of rice leaves produced much greater levels of these 
VOCs than were found with diying sorghum. Unlike some 
previous studies [de Gouw et a l, 1999; Karl et a l, 2001b], 
acetaldehyde was not a major emission, although it was 
produced at some level in all of the drying experiments. The 
upper limit of integrated acetaldehyde emissions was within 
a factor of 2 of what was observed in grass drying experi­
ments in Austria [Karl et a l, 2001b]. Methanol emissions 
tended to be lower in this study than in previous work with 
diying grasses [Karl et a l, 2001b], most likely as a result of 
using older leaf material here. It is known that methanol 
sources decline in leaves after they reach full expansion and 
begin to senesce [Nemecek-Marshall et a l, 1995], Several 
other biogenic, oxygenated VOCs, identified by GC-PTR- 
MS, were emitted from rice, and VOCs yielding similar 
positive ions in PTR-MS analysis were seen during sor­
ghum drying.
[33] The laboratory drying of vegetation showed a clear 
temperature dependence for the integrated emissions of 
several biogenic VOCs, most likely as a result of chemical 
and/or enzymatic processes occurring in the drying vegeta­
tion. Within the variability of emissions from drying grass 
we do not see a significant influence of photosynthetically 
active light; however, field measurements will be needed to 
investigate the impact of the shortwave spectrum in more 
detail. While it is not certain whether these simulated leaf 
drying/senescence experiments are relevant to the natural 
drying that typically occurs in the field (drying in drained 
rice paddies) or drying of cut vegetation (sorghum), they do 
suggest the potential for release of reactive VOCs as 
vegetation senesces. Clearly, field verification and quantifi­
cation of these VOC fluxes during natural crop diying is 
required.
[34] For experiments of this type, online methods for 
VOC analysis are valuable analytical tools. Here a newly 
developed PIT-MS instrument with CID capability allowed 
unambiguous identification of cis-3- versus trans-2-hexe- 
nals, which were major VOCs during the drying o f these 
plants. This type of capability may prove very useful in field 
experiments on crop VOC release, allowing parallel analy­
sis of VOC release using the ion trap as a detector and 
periodic CID analysis of particular ions of interest. The use 
of PTR-MS and/or PIT-MS technologies and new eddy flux 
methods would make such long-term experiments feasible. 
We have conducted preliminary experiments of this type in 
hay [Karl et a l, 2001b] and alfalfa fields [Warneke et al., 
2002]. From the laboratory work described here and our 
prediction that high levels of biogenic VOC emission might 
occur in the rice-growing areas of coastal southeastern 
Texas it would be desirable to use these VOC analysis 
methods in this agricultural region. In addition, as high 
ozone episodes are now characterized in this Texas region 
[Kleinman et al., 2002; Ryerson et a l, 2003] and there is 
evidence that ozone itself may induce leaf damage and C6 
wound compound emission [Heiden et a l, 2003], such field 
experiments might be able to determine if these crop species 
emit even more C6 VOCs during such episodes. This work 
also has implications for air quality in other regions of the 
world. For example, in the United States, there is extensive
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rice production in the San Joaquin Valley area (http:// 
www.usriceproducers.com/Califomia.htm), a region with 
increasingly poor air quality (http://www.valleyair.org/). 
Future work might involve ground level assessment of 
biogenic VOC emissions from agricultural sites and grass­
lands in Texas, where harvesting of grass crops, especially 
rice, is extensive. In addition, regional modeling of the 
impacts of the released VOCs on regional air quality could 
then be attempted. It is notable that to the southeast of 
Houston, there is an extensive rice agriculture industry, and 
it is conceivable that the reactive VOCs associated with rice 
harvesting could contribute to the complex air chemistry in 
this region of Texas.
[35] A ck n o w led g m e n ts . We w ant to thank  M. Po tosnak  and  
J. Greenberg for providing an automated GC setup that was interfaced 
with one o f the PTR-M S instruments and Alex Guenther and Christine 
Wiedinmyer for helpful discussions. This work was supported in part by 
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Figure 2. Patterns of VOC release from (a and b) drying rice leaves or (c and d) total shoots measured 
by the proton transfer ion trap mass spectrometry (PIT-MS) method. In each case the top plots (Figures 2a 
and 2c) show typical mass scans at / = 4 hours, and the bottom plots (Figures 2b and 2d) show the 
patterns of changing VOC emission rates for the entire period of the experiments. O. sativa Mashuri 
plants were used in each case and replicated in separate experiments.
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